Background: Subtle, but observable, changes in mobility often exist among older adults with mild cognitive impairment (MCI). Notably, these changes are not inconsequential. Therefore, there is a strong interest to better understand the underlying neural correlates of gait slowing among older adults with MCI. In this study, we aimed to characterize patterns of functional connectivity associated with slower gait speed in older adults with MCI. Methods: Forty-nine participants aged 60 years and older with MCI were included in the cross-sectional study. All participants underwent assessments of gait speed and resting state functional magnetic resonance imaging. Results: In this sample of older adults with MCI, slower usual gait was characterized by altered connectivity between the sensorimotor network (SMN) and the frontoparietal network (FPN) (p < .05)-specifically, slower usual gait was associated with greater connectivity between the supplementary motor area (SMA) and the bilateral ventral visual cortices (p = .01); lower connectivity between the SMA and the bilateral superior lateral occipital cortex (p < .01); and lower connectivity between the SMA and the bilateral frontal eye field (p < .01). Conclusion: Altered inter-network functional connectivity between the SMN and FPN may be a neural mechanism for slowing of gait in older adults with MCI.
Mild cognitive impairment is a clinical entity characterized by cognitive decline greater than expected for an individual's age and education level that does not interfere with everyday function (1) . While individuals with MCI are at increased risk for dementia (2) , there is growing recognition that subtle, but observable, changes in mobility (ie, slowing of gait) often exist among this population (3) . Notably, these changes are not inconsequential. For example, Doi and colleagues (4) showed that the combination of MCI and slow gait confers a higher risk of disability than each condition independently. Also, high dual-task gait cost (ie, [single-task gait velocity-dual-task gait velocity]/single-task gait velocity) was associated with incident dementia in MCI (5) .
There is a strong interest to better understand the underlying neural correlates of gait slowing in the prodromal stages of the dementia process, such as in MCI (6, 7) . Onen and colleagues (6) showed that periventricular leuokaraiosis was associated with slow gait among older adults with MCI. Moreover, Beauchet and colleagues (7) demonstrated that slower gait speed was associated with larger brain ventricle volume among older adults with MCI. However, whether slowing of gait speed among older adults with MCI is also associated with aberrant functional connectivity of the relevant neural networks remains largely unexplored. A better understanding of the functional neural mechanisms underlying slowing of gait speed among older adults with MCI would complement previous structural findings and provide new insights to future strategies to maintain mobility and functional independence among those with MCI.
Our current exploratory study is, in part, motivated by the motoric cognitive risk syndrome (MCR) proposed by Verghese and colleagues (8) . MCR is operationally defined by the presence of concomitant cognitive complaints and slow gait, without severe functional impairments or dementia (8) . Studies showed that MCR is highly prevalent among older adults (8) and incidence rate of dementia was more than doubled among older adults with subjective cognitive complaint, mild cognitive impairment (MCI), and slow gait compared with those without MCR (9) .
Therefore, we aimed to characterize patterns of functional connectivity associated with slower gait speed in older adults with MCI. We specifically focused on two functional networks, the sensorimotor network (SMN) and the frontoparietal network (FPN). The SMN is actively involved in major aspects of movement, including motor-planning, initiation, execution, and coordination (10) . The FPN is involved in top-down attentional control (11) and allocation of available neural resources to important cognitive processes (12) , as well as motor planning and motor execution (13) . Of relevance, our previous 12-month prospective study showed that lower internetwork connectivity between the SMN and the FPN was associated with subsequent decline in both executive functions and lower extremity physical performance in community-dwelling older adults (14) . Our objective for the current study is to determine whether slower gait is characterized by lower connectivity between the SMN and FPN in older adults with MCI.
Methods and Measures

Study Design and Participants
Forty-nine community-dwelling older adults with MCI were included in this cross-sectional study. Mild cognitive impairment was defined using the criteria provided by the National Institute of Aging and Alzheimer's Association (NIA-AA) (15) as the following: (i) objective cognitive impairment, operationalized in our study as a Montreal Cognitive Assessment (MoCA) score < 26/30 (15); (ii) have subjective memory complaints (SMC); (iii) no significant functional impairment; and (iv) not formally diagnosed with dementia.
Participants were recruited from metropolitan Vancouver via advertisement and interested individuals were screened by telephone to confirm general eligibility according to the inclusion and exclusion criteria, followed by an in-person screening session. We included those who: (i) were aged ≥ 60 years; (ii) scored < 26/30 on the MoCA (16) . The MoCA is a 30-point test that covers multiple cognitive domains (16) . The MoCA has been found to have good internal consistency and test-retest reliability and was able to correctly identify 90% of a large sample of MCI individuals from two different clinics (16); (iii) had SMC, defined as the selfreported feeling of memory worsening with an onset within the last 5 years, as determined by interview (17); (iv) score ≥ 6/8 on the Lawton and Brody (18) 
Descriptive Variables
Age was quantified in years and education level was noted from selfreport. Standing height was measured as stretch stature to the 0.1 cm per standard protocol. Weight was measured twice to the 0.1 kg on a calibrated digital scale. Cognitive function was assessed with the MoCA and MMSE as described above.
Usual Gait Speed
Participants walked at their usual pace along a 4-m path and the elapsed time was recorded using a stopwatch. To avoid acceleration and deceleration effects, participants started walking 1-m before reaching the 4-m path and completed their walk 1 m beyond it. Usual gait speed (m/s) was calculated from the mean of two trials. The test-retest reliability of usual gait speed in our laboratory is 0.95 (ICC) (21). During the resting-state scan, participants were instructed to rest with eyes open and refrain from thinking about anything in particular while remaining stationary for a total duration of 731.9 seconds (12 minutes, 11.9 seconds). All participants underwent MRI session within 2 weeks of the clinical assessment.
Functional MRI Acquisition
Functional MRI Data Analysis
Preprocessing Image preprocessing was carried out using tools from FSL (FMRIB's Software Library), MATLAB (Matrix Laboratory), and toolboxes from SPM (Statistical Parametric Mapping). Excess unwanted structures (ie, bones, skull, etc.) in high-resolution T1 images were removed via optimized Brain Extraction Tool (optiBET) (22) ; rigid body motion correction was completed using MCFLIRT (absolute and relative mean displacement were subsequently extracted and included in the statistical analysis as covariates); spatial smoothing was carried out using Gaussian kernel of Full-Width-Half-Maximum (FWHM) 6.0 mm; temporal filtering was applied with high pass frequency cutoff of 120 seconds. Additional image artifacts were identified through Multivariate Exploratory Linear Optimized Decomposition into Independent Components (MELODIC) and further removed (an average of approximately 20 components were removed per subject). Data points corrupted with large amount of motion were determined via FSL Motion Outliers and the effects of these time points on subsequent analyses were removed using a confound matrix. Prior to data analysis, an additional low pass temporal filtering was also applied to ensure the fMRI signal fluctuated between 0.008<f<0.080 Hz, the optimal bandwidth to examine functional connectivity. Furthermore, the application of a low pass filter eliminated potentially confounding high frequency signals. Functional data were registered to personal high-resolution T1 anatomical images, which were subsequently registered to standardized 152 T1 Montreal Neurological Institute (MNI) space. Noise generated from both physiological and nonphysiological sources was removed through regression of the cerebral-spinal fluid (CSF) signal, white matter signal, and global brain signal. Global signal regression has been reported as both valid and useful step in functional connectivity analyses (23) that may potentially improve specificity (24) . The first four volumes of data were discarded to account for delay of the hemodynamic response.
Functional connectivity analysis
Selection of regions of interest (ROI) was guided by previous work examining connectivity of networks relevant to mobility or gait speed (14) . The respective MNI space coordinates for each ROI are presented in Table 1 . To better understand the neural substrates of gait speed, we first examined overall inter-network connectivity of the SMN and FPN, then further examined connections between regions of interest in these networks (ie, specific ROI-ROI pair coupling).
Given the SMN has left/right/neutral laterality (within the set of ROIs used in this manuscript, neutral referred to only the SMA), an average SMN connectivity was first calculated for the left SMN, right SMN, and neutral SMN. Then, the overall inter-network connectivity SMN-FPN,  right SMN-FPN, and neutral SMN-FPN independently) were first conducted prior to examination of the distinct pairwise ROI-ROI connections driving the observed explained variance in gait speed.
For each ROI, preprocessed time-series data were extracted with 14 mm spherical regions of interest drawn around their respective MNI coordinates in standard space. Regions of interest time-series data were subsequently cross-correlated to establish functional connectivity maps of their associated neural networks, in which pairwise correlation between time-series extracted from ROI listed above was calculated. Correlation estimates were then Fisher's z transformed to improve normality before subsequent statistical analyses.
Statistical Analyses
Statistical analysis was conducted using the IBM SPSS Statistic 19 for Windows (SPSS Inc., Chicago, IL). Alpha was set at p ≤ .05 for all analyses.
To achieve our objective, linear regression analysis was performed. Gait speed was entered as the dependent variable; network connectivity of interest was entered as the independent variable. Age and MoCA were included as covariates in all models. Three separate regression analyses were conducted to examine the relationship between gait speed and connectivity at the network level (ie, left SMN-FPN, right SMN-FPN, and Neutral SMN-FPN). Subsequent regression analyses were conducted to examine the association between gait speed and specific pairwise ROI-ROI connectivity. Table 2 provides descriptive characteristics of the study sample. Briefly, a total of 49 individuals were included in this cross-sectional study. Table 2 also reports the mean and median gait speed of the entire cohort differentiated by sex. As compared with results from a meta-analysis that congregated findings acquired from 41 studies and reported gait speed of a total of 23,111 adults spanning across different age (25) , the mean gait speed of our male participants was similar to average males aged 70-79 years (1.22 m/s vs 1.26 m/s); also, our female participants were similar to average females aged 70-79 years (1.14 m/s vs 1.13 m/s, respectively).
Results
Participants
Functional Connectivity
After adjusting for the covariates, we found connectivity of neutral SMN-FPN explained a statistically significant amount of variation in gait speed (p < .05; Table 3 ). There were no significant associations between left or right SMN-FPN and gait speed.
Within the neutral SMN-FPN, we performed further tests for the connectivity of the five relevant pairwise ROIs, namely, supplementary motor area-inferior parietal sulcus (SMA-RIPS), SMAbilateral ventral visual (SMA-BVV), SMA-supramarginal gyrus (SMA-RSMG), SMA-bilateral superior lateral occipital cortex (SMA-BSLOC), and SMA-bilateral frontal eye field (SMA-BFEF). Models constructed with distinct pairwise ROI-ROI connections within the neutral SMN-FPN showed that slower usual gait was associated with greater connectivity between the SMA and BVV cortices (p = .01); lower connectivity between the SMA and the BSLOC (p < .01); and lower connectivity between the SMA and the BFEF (p < .01; Table 4 ).
Discussion
In the present cross-sectional study, we demonstrated that slower usual gait speed among older adults with MCI may be characterized by altered connectivity between the SMN and the FPN. In general, slower usual gait was associated with significantly less inter-network connectivity; however, there was one ROI-ROI connection which showed increased inter-network connectivity. Further, the observed variance in gait speed can be attributed to connectivity between the supplementary motor area and regions in the FPN. Thus, we provide preliminary evidence to suggest that preservation of the functional coupling between the SMN and FPN may be critical for the maintenance of usual gait speed among older adults with MCI.
Our current exploratory study was, in part, motivated by the concept of MCR. Based on our existing understanding of MCR, it is reasonable to hypothesize that older adults with MCI who have slower gait may be at greater risk for subsequent decline and progression to dementia than those without slower gait. Our current findings support this hypothesis by demonstrating that older adults identified with MCI and slower usual gait speed may have lower overall inter-network functional connectivity between the SMN and the FPN. In a previous 12-month prospective study, we demonstrated that lower connectivity between these two functional networks among community-dwelling older adults with a significant history of falls and without cognitive impairment were significantly associated with greater decline in both executive functions, as measured by the Stroop Test, and general balance and mobility, as measured by the SPPB (14) . Moreover, Betzel and colleagues (26) reported age-related systematic decrease in functional connectivity across several largescale neural networks including the SMN; importantly, the observed functional network decoupling parallels lower brain structural integrity as determined by decline in structural connectivity density in major hubs.
Lending additional support to our results, Inman and colleagues (27) also found that compared with healthy older adults, less connectivity was observed between the SMN and FPN during resting-state in stroke survivors-a population that is also at significant risk for falls and dementia (28) . Thus, the current and previous findings collectively support our original hypothesis that these two functionally, and anatomically (partially), overlapping networks (14) are of specific interest in understanding the neural basis for the co-occurrence of impaired mobility and cognitive function. Less connectivity between these two networks during resting state may suggest reduced motor preparatory inputs, in anticipation of motor performance, from FPN to the SMN. This, in turn, may impair mobility and increase falls risk.
These observations extend our past findings by identifying the specific pair-wise ROIs that contributed to the overall inter-network functional disconnectivity. Key hubs within the SMN and FPN contribute to processing and relaying of visual sensory inputs and conveying the information into appropriate motor outputs (29) , including movement planning, preparation and execution (8) . In our instance, we found among older adults with MCI, slower gait speed can be explained by significantly lower connectivity between the SMA and the BSLOC, as well as lower connectivity between the SMA and the BFEF. The SMA has strong implications in gait control (30) , whereas both the lateral occipital and frontal eye field regions are key components in conducting visual processing (31) . This indicates that disrupted communication between key regions of the SMN and FPN may have obstructed the conveyance of visual input to motor output, thus interrupting proper gait control and execution. Additionally, we observed that greater functional coupling between the SMA and the BVV is associated with slower usual gait speed among older adults with MCI. Current understanding of the ventral visual cortex suggests that it is actively involved in the perception of motion-the ability to perceive movement of objects in a given environment (32, 33) . Older adults often exhibit age-related decline in the capability to detect small magnitudes of motion or distinguish the direction of displacement in space (34)-essential qualities for safe transportation. Hence, it is plausible that among older adults with MCI, gait control/execution and motion perception represent competing cognitive processes such that functionally segregating the SMA and the ventral visual cortex is a compensatory mechanism these individuals adopt to maintain gait speed.
Interestingly, we found no significant association between gait speed and connectivity between the SMA and the rostral inferior parietal sulcus of the FPN, in contrast to previous research which showed aberrant inferior parietal connectivity was associated with unstable gait (35) and atrophy of the inferior parietal region was observed among individuals who displayed freezing of gait (36) . It may be that our study participants had yet to progress to a similar functionally declined state as those with unstable or freezing of gait to exhibit disturbed connectivity between those particular regions.
A key strength of the present study is the focus on investigating inter-network connectivity as opposed to the more commonly researched intra-network connectivity. Regardless, a few limitations should be considered. First, the study participants were not recruited from neurology clinics and were without a formal clinical diagnosis of MCI. Rather, they were categorized as having MCI based on the NIA-AA criteria. Hence, our findings cannot be generalized beyond this population. Second, our sample size may not be powered to examine all the pair-wise ROI connectivity between the SMN and FPN; hence our results may be subject to type II error. Moreover, there is much controversy in regards to global signal regression and potential observation of artificial anticorrelations. However, given the context of the networks under investigation, the effects of induced anticorrelation are less significant. Lastly, the involvement of functional neural correlates of slower gait speed among individuals with MCI may extend beyond that of restingstate functional connectivity of the SMN and FPN; a nonexhaustive list of relevant networks includes the fronto-striatal network (37), fronto-hippocampal network (38) , cerebellar network (39) , all of which may contribute to gait deficits. Thus, future study with larger sample should consider including resting-state connectivity analysis of more comprehensive selection of networks of interest as well as task-based fMRI paradigm to provide greater clarity.
Conclusions
Results of this cross-sectional investigation of slower usual gait speed among older adults with MCI highlight the potential importance of the functional coupling between the SMN and FPN. Specifically, lower connectivity between these two functional networks and their specific ROIs were predictive of slower usual gait speed. In light of evidence suggesting neural network functional connectivity may be positively altered via exercise training (40, 41) , such interventions may promote mobility and functional independence among those with MCI in part by maintaining or strengthening the connectivity between the SMN and FPN. 
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